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Histone-fold proteins typically assemble in multiprotein complexes to bind duplex DNA. However, one histone-fold 
complex, MHF, associates with Fanconi anemia (FA) protein FANCM to form a branched DNA remodeling complex 
that senses and repairs stalled replication forks and activates FA DNA damage response network. How the FANCM-
MHF complex recognizes branched DNA is unclear. Here, we solved the crystal structure of MHF and its complex 
with the MHF-interaction domain (referred to as MID) of FANCM, and performed structure-guided mutagenesis. 
We found that the MID-MHF complex consists of one histone H3-H4-like MHF heterotetramer wrapped by a single 
polypeptide of MID. We identified a zinc atom-liganding structure at the central interface between MID and MHF 
that is critical for stabilization of the complex. Notably, the DNA-binding surface of MHF was altered by MID in 
both electrostatic charges and allosteric conformation. This leads to a switch in the DNA-binding preference — from 
duplex DNA by MHF alone, to branched DNA by the MID-MHF complex. Mutations that disrupt either the com-
posite DNA-binding surface or the protein-protein interface of the MID-MHF complex impaired activation of the FA 
network and genome stability. Our data provide the structural basis of how FANCM and MHF work together to rec-
ognize branched DNA, and suggest a novel mechanism by which histone-fold complexes can be remodeled by their 
partners to bind special DNA structures generated during DNA metabolism.
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Introduction

Fanconi anemia (FA) is a rare genetic syndrome 
featuring genomic instability, bone marrow failure and 
cancer predisposition [1-3]. The hallmark of FA cells is 
hypersensitivity to drugs that induce DNA interstrand 
crosslinks (ICLs), which block DNA replication and 
require resolution prior to genome duplication. FA is 
caused by mutations in any of 16 different FANC genes 
(FANCA to FANCQ) [4, 5]. The products of these genes 

act in the FA DNA damage response network, called 
FA network, which functions to repair ICLs and restore 
blocked replication forks [1-3]. 

FANCM is a crucial FANC protein [6, 7] and plays 
several roles in the FA network. For example, FANCM 
catalyzes ATP-dependent remodeling of branched DNA 
structures produced during replication and repair, includ-
ing replication forks and Holliday junctions (HJs) [8-
11]. This remodeling activity is required for FANCM to 
recover stalled replication forks [12-15], promote cel-
lular resistance to ICLs [10, 16, 17], and suppress sister 
chromatid exchanges (SCEs) [18]. In addition, FANCM 
preferentially binds replication forks and HJs through 
its helicase domain [9, 10]. This ATP-independent bind-
ing activity is required for FANCM to recruit the FA 
core complex to chromatin, enabling the ubiquitin ligase 
subunit of the complex (FANCL) to monoubiquitinate 
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FANCD2 and FANCI [10]. Both activities of FANCM 
are stimulated by its interacting partner, MHF, which 
consists of a heterodimer of histone-fold proteins, MHF1 
and MHF2 [14, 19]. FANCM and MHF form a complex, 
FANCM-MHF, which is conserved from yeast to human 
and is essential for genome protection in both species 
[14]. Only a small fraction of FANCM-MHF associ-
ates with and recruits the FA core complex to chromatin, 
leading to monoubiquitination of FANCD2 and FANCI 
[14]. 

Structural studies have shown that the MHF complex 
is a heterotetramer that comprises two MHF1-MHF2 het-
erodimers, and is structurally similar to histone H3-H4 
heterotetramer [20-22]. Like nucleosomes and other his-
tone-fold complexes, MHF preferentially binds double-
strand DNA (dsDNA) [14]. In fact, MHF1 and MHF2 
have been identified as the centromeric proteins CENP-
S and CENP-X, respectively, both of which promote ki-
netochore assembly [23-25]. In this case, they associate 
with another histone-fold heterodimer, CENP-T/CENP-
W, to form a mixed histone-fold heterotetramer, CENP-
T-W-S-X, which binds and supercoils dsDNA in a man-
ner similar to nucleosomes [20]. It is not surprising that 
MHF mediates the dsDNA binding of the CENP-T-W-S-
X complex because its preferred substrate is dsDNA. To 
explain how MHF facilitates the binding and remodeling 
of branched DNA by FANCM, we proposed previously 
that the two proteins cooperatively bind distinct parts of 
a branched DNA molecule: FANCM at the branch point, 
and MHF at the surrounding duplex regions [14]. 

An earlier study has reported crystal structure of 
a complex between the MHF-interacting domain of 
FANCM (residues 661-800; abbreviated as MID) and 
MHF at 2.64 Å resolution. This study revealed a pentam-
eric structure containing one MID polypeptide interact-
ing with the MHF1-MHF2 heterotetramer, and identified 
a novel composite DNA-binding surface [22]. How-
ever, the relevance of these structures to the function of 
FANCM-MHF in the FA network and genome stability 
has not been addressed. Here, we describe higher resolu-
tion crystal structures of both MHF and MID-MHF com-
plexes, which were solved to 2.1 Å and 2.0 Å resolution, 
respectively. We identified a novel zinc atom-liganding 
structure required for stabilizing the FANCM-MHF com-
plex. Importantly, we observed asymmetric remodeling 
of the DNA-binding surface of MHF by MID, which 
leads to a switch in the DNA-binding preference: from 
dsDNA by MHF to branched DNA by MID-MHF com-
plex. We demonstrated that both the composite DNA-
binding surface and the protein-protein interface of the 
FANCM-MHF complex are important for activation of 
the FA network and protection of genome stability. 

Results

Identification of a zinc atom-liganding structure at the 
central interface of the MID-MHF pentamer

To understand the mechanism of action of the MID-
MHF complex, we solved the crystal structures of the 
MHF and MID-MHF complexes (Figure 1A, Supple-
mentary information, Figure S1A-S1D and Table S1). 
Consistent with previous structural studies [20-22], 
MHF is a histone-fold heterotetramer containing two 
MHF1-MHF2 heterodimers, similar to that of the his-
tone H3-H4 heterotetramer (Supplementary information, 
Figure S1D); and the MID-MHF complex is a pentamer 
composed of a single MID polypeptide (residues 676-
791) that wraps in a circuitous fashion around the MHF 
tetramer (Figure 1A). Interestingly, a single metal atom 
liganding site was observed at the interface between the 
C-terminus of MHF2 (chain-D) and MID (L4-α3-helix), 
with each protein contributing half of the total bidentate-
binding motif with tetrahedral coordination geometry 
(Figure 1B). The metal atom was subsequently identified 
by atomic absorption spectroscopy as a single zinc atom 
present in only MID-MHF complex, but not in MHF 
alone (Figure 1C).

It should be noted that atomic absorption spectroscopy 
cannot rule out the possibility that other metal ions might 
substitute Zn2+ at this site. However, we favor the notion 
that this metal ion is Zn2+ because: (1) Zn2+ is much more 
prevalent than other metal ions with two positive charges 
in stabilizing structures of protein and protein complexes; 
(2) the observed crystal structure of the metal ion with its 
coordinating residues is consistent with tetrahedral coor-
dination geometry for the structural Zn2+ ion; and (3) mu-
tations of two commonly used Zn coordination residues, 
Cys and His, disrupt MID-MHF association and function 
(see below). 

 It should also be mentioned that Tao et al. [22] have 
reported a similar pentameric structure and hydropho-
bic interface for the MID-MHF complex. However, the 
earlier structure has lower resolution than the structure 
presented here (2.64 Å vs 2.0 Å), and it is missing the 
structural zinc atom and its liganding residues that medi-
ate critical interactions between MID and MHF (see be-
low). Moreover, the functional relevance of the observed 
protein interfaces was not addressed.

The zinc atom-liganding structure and hydrophobic in-
terfaces within the central motifs of MID are essential 
for stabilization of the MID-MHF pentamer

We selectively mutated the most conserved residues 
in the MID-MHF pentamer (Supplementary information, 
Figures S2, S3 and Table S2), which likely play essen-
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tial roles in stabilizing the complex. A majority of such 
residues in MID are located in its central motifs from L3 
to α3 (Supplementary information, Figure S3), including 
those that transit between α3 helices of MHF2 (Figure 
1A). Notably, the strictly conserved residues within this 
region are either hydrophobic (including L733, V749, 
F758 and M762) or involved in Zn coordination (H751), 
with none being hydrophilic (Supplementary informa-
tion, Figure S3). This implies that the interactions medi-
ated by hydrophobic and Zn coordinating residues are 
likely to be more critical for MID-MHF assembly than 
those through hydrophilic ones. 

To investigate this prediction, we made three groups 
of point mutants. The first group has mutated residues 
H751 and C755, which coordinate the zinc atom along 
with MHF2 Q76 carbonyl oxygen and D80 side-chain of 
the α3 D-chain (Figure 1B). The second group includes 
residues that engage in hydrophobic interactions with 
MHF, such as V749 single and F758/M762 double mu-
tant (Figure 2A and 2B). The third group has a mutated 
residue R754, which is the most conserved hydrophilic 

residue within this region (with only one variation to 
Leu) (Supplementary information, Figures S3 and S4A). 
Only the first two groups of mutants, but not the third, 
co-immunoprecipitated with reduced levels of MHF1 and 
MHF2 (Figure 2C and 2D). The data are consistent with 
the evolution-based prediction that interactions through 
Zn coordinating and hydrophobic residues, but not hy-
drophilic residues, are critical for normal FANCM-MHF 
complex assembly. We also made the V749/H751 double 
mutant to disrupt both hydrophobic and Zn-mediated in-
teractions. Whereas each single mutant still had residual 
association with MHF (Figure 2C), the double mutant 
was completely deficient (Figure 2D). These data further 
support the notion that normal FANCM-MHF complex 
assembly requires both Zn coordination and hydrophobic 
interactions mediated by the central motifs of MID. 

We further analyzed the association between MID 
variants and MHF by Superose 6 gel-filtration chro-
matography using whole-cell lysates of HEK293 cells 
transfected with several Flag-MID variants, one with 
normal (L733G) and two with defective association 

Figure 1 Identification of a zinc atom-liganding structure at the central interface of the MID-MHF pentamer. (A) Crystal struc-
ture of the MID-MHF complex with three orthogonal orientations (MHF1, dark gray; MHF2, red and MID, yellow as indicated). 
The individual MHF1/MHF2 heterodimers are labeled [AB] or [CD] to denote the chains relating to the deposited crystal 
structure (PDB ID: 4E44), and the secondary structure is labeled accordingly (MHF1, black, α1- α4; MHF2, red, α1- α3). MID 
secondary structure is labeled according to the deposited crystal structure (PDB ID: 4E45). The structural zinc (Zn) atom is 
shown as a brown sphere. (B) Coordination of the structural zinc atom with MHF2 chain D (red) and MID (yellow) residues 
coming together to form the bidentate zinc-chelating motif. Coordination includes the MHF2 Q76 carbonyl oxygen and the 
carboxylic acid side-chain of D80 and the MID H751 imidazole and C755 thiol side-chains. (C) Atomic absorption analyses 
showing the presence of Zn in the MID-MHF complex, but not in the MHF complex. Measured concentrations are the aver-
age of triplicate analyses. 
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Figure 2 Identification of the residues in MID that are essential for stabilization of the MID-MHF complex, normal activa-
tion of the FA network and suppression of SCEs. (A, B) Key MID and MHF interfaces are shown in detail. MID central motif 
residues: (A) L4 (MID-V749), (B) α3 amphipathic helix residues (MID-F758, M762). Proteins colored as in Figure 1A. (C, D) 
Co-immunoprecipitation analyses in HEK293 cells showing the association between MHF and MID variants as indicated. 
Asterisks indicate cross-reactive non-specific polypeptides (IgG light chains). Because the MID domain is the only domain in 
FANCM that binds MHF [14], a mutation that disrupts MID-MHF association should have the same effect in the context of the 
full-length protein. (E, F) Immunoblotting shows the levels of FANCD2 and FANCM in whole-cell lysates from various DT40 
cells as indicated, which include: wild-type (WT), FANCM−/− cells, and FANCM−/− cells complemented with human WT or mu-
tants of FANCM. The ratio between the monoubiquitinated and non-ubiquitinated FANCD2 (L/S) is shown. Cells were treated 
with MMC (50 ng/ml) for 18 h. BAF57 or actin was used as a loading control. (G, H) Histograms showing spontaneous SCE 
levels of various DT40 cells as indicated. The mean number of SCEs per metaphase is listed. P-values were calculated using 
the Student’s t-test. 



FANCM remodels MHF to function in DNA repair
564

npg

 Cell Research | Vol 24 No 5 | May 2014 

(V749G/H751G and F758A/M762A) based on co-
immunoprecipitation assays. All variants fractionated 
with profiles similar to that of the wild-type protein, with 
peak fractions near 34, which roughly corresponds to the 
calculated molecular weight of Flag-MID-MHF complex 
(about 70 KDa) (Supplementary information, Figure 
S5). No variants fractionated with peaks corresponding 
to the calculated molecular weight of Flag-MID alone 
(about 17 KDa), which is likely due to instability of MID 
without its partners (recombinant MID in Escherichia 
coli was also unstable without co-expression of MHF1 
and MHF2; data not shown). These data suggest that all 
MID variants can fold normally and form complexes 
with MHF in the extracts. However, the conformation 
of MID-MHF complexes formed by V749G/H751 and 
F758A/M762A could be somewhat different from that of 
the wild type, because their peak fractions were slightly 
shifted (from 32-34 in wild type to 34 in mutants). In 
addition, V749G/H751G and its associated MHF1 also 
fractionated with an extra peak (fraction 28), which was 
not observed in the wild-type complex and could there-
fore represent an aberrant complex. Combined with co-
immunoprecipitation results, these data suggest that 
V749G/H751 and F758A/M762A can form complexes 
with MHF in crude extracts, but these complexes are 
unstable and cannot withstand the washing conditions of 
co-immunoprecipitation assays. 

In addition to studies of the central motifs, we also 
mutated several residues in the peripheral motifs of MID 
that wrap around MHF and engage in both hydrophobic 
and polar interactions (L680/W688 and L785/D789; 
Supplementary information, Figure S4B and S4C). None 
of these mutations significantly affected the association 
between Flag-tagged MID and MHF (Figure 2D), argu-
ing that interactions through the peripheral motifs of 
MID are less important compared to those through the 
central motifs. 

The Zn coordination structure is required by FANCM to 
promote normal activation of the FA network and sup-
press SCE

To study the functional relevance of the newly identi-
fied Zn coordination structure, we examined whether 
FANCM variants carrying mutations in Zn liganding res-
idues, H751G and C755G, are defective in activation of 
the FA network and suppression of SCEs, using FANCM-
knockout DT40 cells as described previously [7, 14]. 
Consistent with previous data, FANCM−/− DT40 cells 
displayed reduced levels of monoubiquitinated FANCD2 
in response to mitomycin C (MMC) (Figure 2E and 2F, 
lanes 1-2), as well as higher levels of SCEs (Figure 2G 
and 2H). These two abnormal phenotypes were largely 

corrected by re-introduction of wild-type FANCM (Fig-
ure 2E and 2F, lanes 1-3; Figure 2G and 2H), but not 
by FANCM-H751G or -C755G mutants (Figure 2E and 
2G). We also examined FANCM-V749G/H751G double 
mutant, which is defective in both Zn coordination and 
hydrophobic interactions; and found that it also failed 
to correct the two abnormal phenotypes (Figure 2F and 
2H). These data indicate that the Zn structure is critical 
for FANCM to promote normal activation of the FA net-
work and suppress SCE.

Identification of the residues in MHF that are essential 
for its interaction with FANCM

The most conserved residues in MHF are those tracing 
their interface with MID (Supplementary information, 
Figure S2A and S2B). We mutated several such residues 
to determine whether they affect interactions with MID 
(Supplementary information, Table S2). Because MHF1 
and MHF2 are present in two copies in the MID-MHF 
complex, and each copy can interact with MID, mutation 
of one MHF residue could affect interactions at two sym-
metrical locations.

For MHF1, a pairwise point mutant, A48Q/E52R, was 
designed to disrupt the interactions between the MHF1 
A-chain and MID α3-α4, and between the MHF1 C-chain 
and MID β1-L2 (Figure 3A and data not shown). This 
mutant protein co-immunoprecipitated with a drastically 
reduced level of FANCM (less than 20%), but with nor-
mal level of MHF2 when transfected into MHF1−/− DT40 
cells (Figure 3B). The data indicate that these MHF1 
residues are important for formation of a stable MID-
MHF complex, but not the MHF heterotetramer. For 
MHF2, the single point mutation P75Q was generated to 
sterically hinder the MID α2 helix as well as the residues 
L733 and F758 from protruding into the hydrophobic 
cleft between the MHF2 α3 C-terminal helices (Figure 
3C). This mutant co-immunoprecipitated with undetect-
able level of FANCM, but normal level of MHF1 (Figure 
3D), suggesting that P75 is also critical for stable associ-
ation between MHF and FANCM. Combined with MID 
mutational data, these results suggest that MID and MHF 
residues within the central “core” of the MID-MHF in-
terface (between MID L3 loop and α3 helix (Figure 1A)) 
provide crucial interactions for stabilizing the MID-MHF 
complex.

We have also mutated MHF2-D80 residue, which was 
predicted to engage in Zn coordination with MID (Figure 
1B), as well as an intramolecular interaction with the 
MHF2-R52 residue (data not shown). However, while 
D80 mutation did disrupt MHF2-FANCM association, 
it also destabilized the MHF1-MHF2 complex (data not 
shown). We were unable to distinguish whether its effect 



www.cell-research.com | Cell Research

David Fox 3rd et al.
565

npg

Figure 3 Identification of the residues in MHF that are essential for stabilization of MID-MHF complex, normal activation of 
the FA network and suppression of SCEs. (A, C) Key MID and MHF interfaces are shown in detail. MID central motif resi-
dues: (A) MID residues at the MHF1-A48/E52 interface (MID-M764, M768, Y777), (C) MID residues at the MHF2-α3 helix 
P75 interface (MID-L733, L758). Proteins colored as in Figure 1A. (B, D) Co-immunoprecipitation analyses showing associa-
tion between full-length FANCM and different variants of MHF in chicken DT40 cells mutated of either MHF1 (B) or MHF2 
(D). (E, F) Immunoblotting shows the levels of FANCD2, MHF1 and MHF2 in whole-cell lysates from various DT40 cells as 
indicated, which include: wild-type (WT), MHF1−/− cells, MHF2−/− cells, and their complemented versions using human WT or 
mutants of MHF1 or MHF2. The ratio between the monoubiquitinated and non-ubiquitinated FANCD2 (L/S) is shown. Cells 
were treated with MMC (50 ng/ml) for 18 h. Actin was used as a loading control. (G, H) Histograms showing spontaneous 
SCE levels of various DT40 cells as indicated. The mean number of SCEs per metaphase is listed. P-values were calculated 
using the Student’s t-test. 
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on MHF2-FANCM association is due to disruption of Zn 
coordination or destabilization of the MHF complex.

Stable interaction between FANCM and MHF are re-
quired for normal activation of the FA network and sup-
pression of SCEs

To further investigate whether interactions between 
MHF and FANCM through the newly identified inter-
face are important in vivo, we examined whether MHF1-
A48Q/E52R and MHF2-P75Q mutants, which are defec-
tive in FANCM association, are compromised in activata-
tion of the FA network and suppression of SCEs. Consis-
tent with earlier findings [14], chicken DT40 cells inacti-
vated of either MHF1 or MHF2 displayed reduced levels 
of monoubiquitinated FANCD2 in response to MMC 
(Figure 3E and 3F, lanes 1-2), as well as higher levels of 
SCEs (Figure 3G and 3H, lanes 1-2). Re-introduction of 
wild-type version of each protein largely corrected these 
two abnormal phenotypes (Figure 3E and 3F, lanes 1-4; 
3G and 3H), whereas re-expression of MHF2-P75Q and 
MHF1-A48Q/E52R mutants was largely ineffective in 
correcting these phenotypes (Figure 3E-3H). For exam-
ple, whereas wild-type MHF1 restored the ratio between 
monoubiquitinated and non-ubiquitinated FANCD2 from 
0.37 to 1.04 (average of two independent clones, herein 
after the same), the MHF1-A48Q/E52R mutant restored 
this ratio to only 0.45, about 12% as active as the wild-
type protein (Figure 3E). Similarly, whereas wild-type 
MHF1 suppressed SCE frequency of MHF1−/− cells from 
9.4 to 2.6, the MHF1-A48Q/E52R mutant suppressed the 
frequency to 4.5, about 30% less active than the wild-
type protein (Figure 3G). Collectively, these data dem-
onstrate that the interactions between MHF and FANCM 
through the newly identified interfaces are required for 
the proper function of the FANCM-MHF complex in ac-
tivation of the FA network and suppression of SCEs.

One likely explanation for the above data is that 
normal activation of the FA network and suppression 
of SCEs depend on the DNA binding and remodeling 
activities of FANCM [10, 18]; and these two activities 
are strongly stimulated by MHF [14, 19]. The various 
mutations above disrupt interactions between FANCM 
and MHF to various degrees, which likely compromise 
the DNA binding and remodeling activities of FANCM-
MHF, leading to defective activation of the FA network 
and SCE suppression.

The FANCM-MHF complex is structurally and function-
ally independent of the CENP-T-W-S-X complex

A previous report showed that GFP-tagged FANCM 
localizes at centromeres, and this localization depends on 
MHF [22]. Because the centromere localization of MHF 
(CENP-S-X) depends on CENP-T-W through formation 

of the CENP-T-W-S-X complex [20, 25], these findings 
raised a possibility that FANCM may associate with the 
CENP-T-W-S-X complex and mediate the assembly of 
kinetochores. To examine this possibility, we fitted the 
MID of FANCM onto the CENP-T-W-S-X heterotetra-
mer by structural modeling, and found that the resulting 
MID-CENP-T/W/S/X pentamer is likely to be unstable 
because it cannot coordinate the structural zinc atom that 
is necessary for stabilization of the MID-MHF pentamer 
(Supplementary information, Figure S6). Consistent with 
this prediction, no CENP proteins, except MHF1 and 
MHF2, were detected in the complex co-immunoprecipi-
tated with FANCM (Figure 4A-4C); whereas four CENP 
proteins, including CENP-T, co-immunoprecipitated with 
MHF1 (Figure 4A-4C), indicating that FANCM associ-
ates with MHF but not CENP-T-W-S-X. 

We found that the localization and signal intensities of 
an outer kinetochore protein, Ndc80, at kinetochores of 
FANCM−/− DT40 cells were indistinguishable compared 
to the wild-type cells (Figure 4D). This was in contrast 
to the earlier reports that Ndc80 exhibited reduced ki-
netochore localization in DT40 cells deficient in MHF1 
(CENP-S), MHF2 (CENP-X) or CENP-T [20, 25]. In 
addition, whereas the localization of MHF1 (CENP-S) 
to kinetochores is reduced in CENP-T−/− and CENP-W−/− 
cells [23], the knockout of FANCM had no impact on the 
MHF1 kinetochore localization (Figure 4D). Further-
more, the centromere localization of CENP-T was also 
unaffected in FANCM−/− cells (Figure 4D). Taken to-
gether with the biochemistry evidence above, these data 
suggest that FANCM associates only with MHF, and the 
resulting FANCM-MHF complex does not participate in 
kinetochore assembly.

Because CENP-T, along with its partner CENP-W, 
associates with MHF1 (CENP-S) and MHF2 (CENP-
X), we studied the possibility whether CENP-T may play 
a role in the FA network and suppression of SCEs. We 
found that the level of monoubiquitinated FANCD2 in 
CENP-T−/− DT40 cells was indistinguishable from that 
of wild-type cells with or without MMC treatment (Fig-
ure 4E), and the levels of SCEs were also comparable 
between wild-type and CENP-T−/− DT40 cells (Figure 
4F). These data are in contrast to the results of DT40 
cells inactivated of MHF1, MHF2 or FANCM (Figures 
2E and 2F, 3E and 3F) [7, 14]. The data indicate that, of 
the two MHF-containing complexes, only FANCM-MHF 
participates in the FA network and suppression of SCEs, 
whereas the CENP-T-W-S-X complex does not (Figure 
4G). 

Asymmetric and allosteric remodeling of MHF tetramer 
by MID

The MHF tetramers with or without the bound MID 
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Figure 4 MHF1 and MHF2 are present in two functionally distinct complexes. (A) Mass spectrometric analysis shows that 
MHF1 (CENP-S) and MHF2 (CENP-X) are present in both FANCM and MHF1 immunoprecipitates isolated from the chroma-
tin fraction of HeLa cells by either FANCM or MHF1 antibody, whereas other centromere proteins (CENP-T, CENP-K, CENP-
U, CENP-H) were detected only in the MHF1 immunoprecipitate. (B, C) Immunoblotting shows that MHF1, MHF2, FANCM 
and other components of the FA core and Bloom complexes were present in both FANCM and MHF1 immunoprecipitates, but 
CENP-K and CENP-T were detected only in the MHF1 immunoprecipitate. (D) Immunofluorescence analyses of wild-type (WT) 
or FANCM−/− DT40 cells with different antibodies (green) as indicated. DNA was stained by DAPI (blue). The signal intensities 
of CENP-T, Ndc80 and CENP-S at each kinetochore detected by immunofluorescence were measured relative to an adjacent 
background signal (n > 10 cells; average intensity ± SD). The scale bar represents 10 μm. (E) Immunoblotting shows the 
levels of FANCD2 and CENP-T in CENP-T conditional knockout (KO) DT40 cells with or without the treatment of tetracycline 
(tet) for 24 h. The ratio between the monoubiquitinated and non-ubiquitinated FANCD2 (L/S) is shown. Cells were treated 
with MMC (50 ng/ml) for 16 h. Actin was used as a loading control. (F) Histograms showing the levels of spontaneous SCEs 
in CENP-T conditional KO DT40 cells with or without the treatment of tet for 24 h. The mean number of SCEs per metaphase 
is listed. P-value was calculated using the Student’s t-test. (G) A diagram describes that MHF has two distinct functions by 
forming independent complexes with FANCM and CENP-T/W. One is the FANCM-MHF complex that preferentially binds 
branched DNA and functions specifically in DNA repair. The other is CENP-T-W-S-X complex that promotes kinetochore as-
sembly at centromeres [20].
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domain align with an overall root-mean-square deviation 
(RMSD) of 1.708 Å, suggesting that the MHF structure 
was remodeled upon MID binding.

We compared the distances between the identical 
atoms in the MHF tetramer vs MID-MHF pentamer by 
difference distance mapping (DDM) [26], and found that 
the distances changed substantially between the heterodi-
mers but minimally within each heterodimer. Overall, 
the MHF [AB] heterodimer undergoes the least changes, 
0.561 Å RMSD, and was used as the basis for structural 
comparisons in Figure 5.

The largest changes occur along the MHF [CD] sur-
face directly contacted by MID: the MHF1 and MHF2 
α2 helices move away by 6.9 Å and 5.5 Å, respectively, 
from the MID α2 helix, which traverses between the 
MHF heterodimers (Figure 5A). Lesser, yet still signifi-
cant, changes occur along the MHF surface not directly 
contacted by MID, where the same two helices move by 
1.4 Å and 4.2 Å, respectively, parallel to the other MHF 
heterodimer (Figure 5B). A kink develops upon MID 
binding at Cys58 of the MHF1 [CD] α2 helix (Figure 
5C), but not at the symmetrical position in the MHF1 
[AB] α2 helix (Figure 5D). Together, these data show 
that MID binding results in both allosteric and asymmet-
ric remodeling of the MHF tetramer.

It should be mentioned that in the study by Tao et 
al. [22], MHF without and with MID aligned with an 
overall RMSD of 0.87 Å, which is smaller than 1.708 Å 
observed in the current study. We compared their data 
with ours and found that the structures of MID-MHF 
complexes are identical in both studies, whereas the 
structures of MHF tetramer are slightly different despite 
that each MHF1-MHF2 dimers are superimposable. The 
different MHF crystal structures may be due to the intrin-
sic flexibility of the heterotetramer.

MID alters the number of positive charges and allosteric 
structures in the MHF DNA-binding surfaces to favor 
branched DNA

Previous structural studies suggested that the DNA-
binding surface of MHF is a positively charged electro-
static surface similar to that in histone H3-H4 tetramer, 
and mutations of these charged residues decrease the 
DNA-binding activity of MHF [20, 22]. Tao et al. [22] 
also suggested that the binding of MHF by MID creates 
a new DNA-binding surface consisting of positively 
charged residues from both proteins, and that MID in-
creased the positive charges in one area of the surface, 
but decreased them in another area [22].

To identify residues in MHF or MID-MHF that bind 
DNA, we generated models for each dsDNA-bound 
complex by superimposing the MHF tetramer onto the 

DNA-bound nucleosome structure of the histone H3-H4 
tetramer (PDB ID: 3AFA, Figure 6A). We also com-
pared surface electrostatic maps generated for MHF and 
MID-MHF structures and identified additional potential 
DNA contacts (Figure 6A-6E; Supplementary informa-
tion, Figures S2 and S3). Most of the residues identified 
match those previously suggested to contact DNA [20-
22], including many positively charged residues on 
MHF1-MHF2 tetramer, at the C-terminal tail of MHF1, 
and a cluster from MID (Figure 6A). However, our mod-
el predicts that T76 of MHF1 and R695 of FANCM may 
also interact with DNA.

Notably, we found that MID changed the electrostatic 
surfaces along the predicted α1α1 DNA-binding surface 
of the MHF heterotetramer (Figure 6B). The α1α1 sur-
face of the MHF [CD] heterodimer increases from five 
to seven positively charged residues (Figure 6C), while 
that of the MHF [AB] heterodimer decreases from five 
to zero positively charged residues (Figure 6D). These 
changes are expected to enhance MHF [CD] DNA bind-
ing at the α1α1 site, but disrupt MHF [AB] binding at 
the α1α1 site. In contrast, the MHF L1L2 DNA-binding 
surfaces, which contact two helical turns of DNA, re-
main largely unmodified by MID in terms of electrostatic 
charge; however, the allosteric structural changes of the 
MHF [CD] heterodimer caused by binding of MID (Fig-
ure 5B), alter the shape and trajectory of the DNA-bind-
ing surface (Figure 6E). Overall, the combined DNA-
binding surface in the MID-MHF pentamer becomes 
asymmetric due to: (1) occlusion of the MHF [AB] α1α1 
DNA-binding surface, (2) extension of the MHF [CD] 
α1α1 DNA-binding surface by MID and (3) distortion 
of the MHF [CD] heterodimer. We hypothesize that the 
shortened and asymmetric DNA-binding surface of the 
MID-MHF pentamer may disfavor regular duplex DNA, 
but rather, favor branch-point DNA. Consistent with this 
prediction, the MID-MHF complex had lower binding 
activity for dsDNA (Figure 6F, Supplementary informa-
tion, Figure S7), but higher activity for a branched DNA 
— a model Holliday junction (HJ) (Figure 6G; Supple-
mentary information, Figure S8A and S8B), compared to 
MHF alone that favors dsDNA as reported previously [14] 
(Figure 6F and 6G, left panels; Supplementary informa-
tion, Figure S8C, S8D). These data support our hypoth-
esis that MID remodels MHF structure to favor branched 
DNA. 

Conserved lysine and arginine clusters from both MID 
and MHF contribute to binding of the MID-MHF com-
plex to HJ DNA

The previous studies have used dsDNA-based bind-
ing assays to confirm the importance of the predicted 
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Figure 5 MID asymmetrically remodels the MHF tetramer. (A-D) A 360 degree view of the aligned structures. MHF (MHF1, 
light gray; MHF2, salmon) and MID-MHF (MHF1, dark gray; MHF2, red; MID, yellow) were aligned by the MHF [AB] heterodi-
mer. Helices for the MHF heterotetramer have been shown as cylinders and MID is displayed as a surface (yellow). The larg-
est differences in distance are observed in the [CD] MHF heterodimer, namely the MHF1 and MHF2 α2 helices. Distances 
between relative positions in the MHF and MHF-MID structures are labeled accordingly. The kink in MHF2 [CD] α2 helix has 
been labeled along with the secondary structure elements of MID.

DNA-interacting residues in MHF or MID-MHF [20, 
22]. Because biochemistry and genetic data have sug-
gested that branched DNA is the physiological substrate 
that FANCM-MHF binds and models [8, 9, 11, 14, 15], 
we used the HJ DNA as a substrate to test binding by re-
combinant MID-MHF complexes carrying substitutions 
of various positively charged residues at the predicted 
DNA-binding surfaces. Largely consistent with previ-
ous results from dsDNA-based assays [20, 22], all tested 
variants displayed either reduced binding activity or 
altered mobility in gel-shift assays (Figure 7A-7C, and 
Supplementary information, Figure S7). These data indi-
cate that the identified surfaces from both MHF and MID 
are important for binding to HJ DNA in vitro. 

The integrity of the DNA-binding surfaces of MID-MHF 
is required for normal activation of the FA network and 
suppression of SCEs

To study the importance of the newly identified DNA-

binding surface of MID-MHF, we introduced several 
DNA-binding point mutants of each protein (Figure 
7D-7G) into their respective knockout chicken DT40 
cells. While the wild-type version of each protein fully 
restored the defective FANCD2 monoubiquitination and 
suppressed the higher level of SCEs, the MHF1-R70A 
mutant, which showed severe deficiency in DNA bind-
ing (Figure 7B), was completely defective in FANCD2 
monoubiquitination (Figure 7D) and partially defective 
in suppression of SCES (Figure 7E). In addition, both 
MHF2-K27A/K29A and FANCM-R693A/R695A double 
mutants, which showed less severe DNA-binding defi-
ciency (Figure 7A and 7C), were partially deficient in 
suppression of SCEs (Figure 7F and 7G). These data 
suggest the newly identified DNA interface is important 
for FANCM-MHF to promote activation of the FA net-
work and protect genome integrity. 

We noticed that the FANCM-R693A/R695A mutant 
suppressed the SCE frequency from 15.9 to 4.3 (Figure 
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Figure 6 MID alters the number of positive charges and allosteric structures in the MHF DNA-binding surfaces to favor 
branched DNA. (A) Structural models of the interaction between MHF tetramer (left) or MID-MHF pentamer (right) and 
double-stranded DNA as seen in the histone H3-H4 nucleosome structure (PDB ID: 3AFA). Potential MHF and MID DNA-in-
teracting residues are labeled for the α1α1 and L1L2 protein-DNA contact sites. The residues highlighted in the two boxes are 
altered upon MID association: those crossed by lines are occluded by MID, whereas the other ones are contributed by MID 
(see B-D below). Red lines indicate the unstructured MHF1 C-terminal tail with residues predicted to contact DNA labeled. 
(B-E) Left panels show the MHF heterotetramer. Right panels show the MID-MHF pentamer. Electrostatic surface potentials 
are shown (red; electronegative; white, neutral; blue, electropositive; +/–10 kcal/electron unit, PyMOL APBS [43]). The bind-
ing of MID increased the number of positive charges in the highlighted surface area of MHF [CD] (C), decreased the positive 
charges in another area of MHF [AB] (D), and caused allosteric changes in the areas marked by red lines (E). (F) Top panel: 
EMSA for the comparison of the DNA-binding activity of MHF and MID-MHF complexes with double-stranded DNA (DS). The 
reaction contained the Digoxigenin-labeled DS DNA substrate (1 nM) with or without MHF and MID-MHF complexes as in-
dicated. The protein concentrations are: 0, 25, 50, 100, 200, 400 and 800 nM, from left to right. Bottom: the specific protein-
bound DNA bands (marked with dots) and free DS DNA substrate were quantified by KODAK Molecular Imaging Software, 
and their ratios are shown by a graph. (G) As described in F, excepted that HJ DNA was used.
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Figure 7 The integrity of the DNA-binding interfaces of MID-MHF complex is required for normal activation of the FA network 
and suppression of SCEs. (A-C) Comparison of the DNA-binding activity of MID-MHF complexes containing either wild 
type or mutants by EMSA. The reaction contained the Digoxigenin-labeled Holliday junction DNA substrate (1 nM) with or 
without wild type and mutants of the MID-MHF complex as indicated. The protein concentrations are: MID-MHF complex 
wild type: 200 nM in lane 2; 400 nM in lanes 3, 12 and 23; 800 nM in lanes 4, 13 and 24; MID-MHF complex carrying MHF2 
point mutant (K27A/K29A): 200, 400 and 800 nM in lanes 5-7, respectively; MID-MHF complex carrying MHF1 point mutant 
(R110G/K111G): 200, 400 and 800 nM in lanes 8-10, respectively; MID-MHF complex carrying MHF2 point mutant (R17A): 
400 and 800 nM in lanes 14 and 15, respectively; MID-MHF complex carrying MHF2 point mutant (K24A): 400 and 800 nM 
in lanes 16 and 17, respectively; MID-MHF complex carrying MHF1 point mutant (R70A): 400 and 800 nM in lanes 18 and 
19, respectively; MID-MHF complex carrying MHF1 point mutant (R18A): 400 and 800 nM in lanes 20 and 21, respectively; 
MID-MHF complex carrying MHF1 point mutant (K114-117G): 400 and 800 nM in lanes 25 and 26, respectively; MID-MHF 
complex carrying MHF1 point mutant (R12A): 400 and 800 nM in lanes 27 and 28, respectively; MID-MHF complex carrying 
MID point mutant (K686A/R690A): 400 and 800 nM in lanes 29 and 30, respectively; MID-MHF complex carrying MID point 
mutant (R693A/R695A): 400 and 800 nM in lanes 31 and 32, respectively. (D) Immunoblotting shows levels of FANCD2 and 
MHF1 in whole-cell lysates from the indicated DT40 cells: wild-type (WT), MHF1−/− cells, and MHF1−/− cells complemented 
with human WT or mutant of MHF1. The ratio between the monoubiquitinated and unubiquitinated FANCD2 (L/S) was 
shown. Cells were treated with MMC (50 ng/ml) for 18 h. Actin was used as a loading control. (E-G), Histograms showing 
spontaneous SCE levels of various DT40 cells as indicated. The mean number of SCEs per metaphase is listed. P-values 
were calculated using the Student’s t-test.
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7G), which is about 85% as active as the wild-type pro-
tein (that suppressed SCE frequency from 15.9 to 2.4). In 
contrast, the MHF1-R70A and MHF2-K27A/R29A mu-
tant are more defective — about 75% and 40% as active 
as their respective wild-type proteins in SCE suppression 
(the two mutants suppressed SCE from 9.4 to 4.3 or from 
9.1 to 6.7; whereas the wild-type proteins suppressed 
SCE from 9.4 to 2.6 and from 9.1 to 2.9, respectively) 
(Figure 7E and 7F). The data imply that the positively 
charged residues at the composite DNA-binding surface 
of MID-MHF contribute unevenly with regard to func-
tion of FANCM-MHF: the residues contributed by MID 
may be less important than those by MHF1 and MHF2. 
These results are consistent with our earlier findings that 
the DNA-binding activity of MHF is required for normal 
activation of the FA network and SCE suppression [14]. 

Discussion

MHF is remodeled by FANCM to favor branched DNA 
over dsDNA

The FANCM-MHF complex remodels branched 
DNA, but how the two proteins work together to recog-
nize their substrate is unclear. An earlier model proposed 
that the two proteins cooperatively bind different parts 
of a branched DNA: FANCM at the branch point and 
MHF at the surrounding duplex regions [14] (Supple-
mentary information, Figure S9A). Here, we show that 
MID asymmetrically remodels the DNA-binding surface 
of MHF in both electrostatic surface potential and allo-
steric structure. Specifically, MID increased the net sur-
face positive charges along the MHF [CD] α1α1 DNA-
binding surface, occluded all surface positive charges 
along the MHF [AB] α1α1 DNA-binding surface, and 
distorted the structure of the surface. These alterations 
are expected to strengthen dsDNA binding in one area, 
but disrupt it in another, leading to an overall negative 
effect on dsDNA binding. Consistent with this predic-
tion, the MID-MHF complex has lower binding activity 
for dsDNA than MHF alone, but higher binding activity 
for branched DNA over dsDNA. This is in contrast to 
MHF alone, which shows the opposite preference. These 
data thus favor an alternative model for recognition of 
branched DNA by FANCM-MHF (Supplementary in-
formation, Figure S9B), both the FANCM-helicase do-
main and the remodeled MID-MHF complex may bind 
the DNA branch point; and this binding is likely to be 
cooperative, as MHF can strongly enhance binding and 
remodeling activity of FANCM for branched DNA [14]. 
This model is supported by findings that point muta-
tions at the composite DNA-binding surface from either 
protein weakened the binding activity of MID-MHF for 

a branched DNA substrate. It is also in agreement with 
the evidence that these mutations impaired the ability of 
FANCM-MHF to promote FANCD2 monoubiquitina-
tion, or to suppress SCEs, or both. 

Remodeling of MHF by FANCM excludes it from associa-
tion with the centromere complex

MHF is shared by two complexes with distinct func-
tions: FANCM-MHF in DNA repair and CENP-T-S-W-
X at centromeres. A study in yeast suggested that the 
two functions of MHF are distinct, and only the DNA 
repair function depends on FANCM [27]. However, a 
study in human cells revealed that GFP-tagged FANCM 
localizes at centromeres, and this localization depends 
on MHF [22]. Because the centromere localization of 
MHF (CENP-S-X) depends on CENP-T-W [25], these 
data imply that FANCM may associate with CENP-T/
W/S/X to mediate kinetochore assembly in human cells. 
Nevertheless, our structural modeling and experiments 
disfavor this hypothesis. First, FANCM has no detectable 
association with any CENP proteins other than MHF1 
and MHF2. Second, FANCM-deficient cells have no de-
tectable defects in kinetochore assembly. Third, CENP-
T-deficient cells exhibit normal activation of FA network 
and SCE suppression. Fourth, CENP-T/W/S/X lacks 
residues necessary to coordinate the intermolecular zinc 
atom with FANCM, which is important for stabilizing the 
FANCM-MHF complex. Our data support a scenario in 
which FANCM and CENP-T/W compete for a common 
pool of MHF to form two mutually exclusive complexes: 
the FANCM-MHF pentamer that excludes association 
with CENP-T/W and the CENP-T/W/S/X heterotetramer 
that cannot be stably bound by FANCM. This scenario 
may resemble the histone-fold-containing TAF complex 
that is also shared by multiple complexes (TFIID, SAGA 
and PCAF) [28]. We speculate that evolution may favor 
this scenario because existence of two separate complex-
es allows each one to evolve more efficiently to perform 
its specialized functions, which may be more advanta-
geous than the presence of a single complex (FANCM-
CENP-T/W/S/X) that does both jobs. 

Remodeling of histone-fold complexes may create diver-
sity in their DNA-binding affinity and specificity

Histone-fold complexes typically bind dsDNA and are 
often components of a variety of multiprotein complexes 
involved in DNA metabolism (nucleosomes, TFIID and 
FANCM-MHF), histone modification (SAGA, PCAF) 
[28] and kinetochore assembly (CENP-T-W-S-X). It is 
known that nucleosome structures are subject to covalent 
and non-covalent modifications by a variety of remodel-
ing complexes. These modifications can weaken DNA-
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histone interactions and produce altered or disassembled 
nucleosomes [29], which are subsequently recognized 
by other factors in transcription, replication and repair. 
In another case, a hsitone-fold-containing TAF complex 
in TFIID is altered by association with the TATA box-
binding protein, TBP; and the resulting TFIID complex 
binds and bends dsDNA to allow assembly of transcrip-
tion initiation complex [30]. Our findings that MHF is 
remodeled by FANCM represent a third scenario, in 
which a hsitone-fold complex is altered by its partner to 
favor branched DNA rather than dsDNA. We propose 
that MHF and other hsitone-fold complexes, such as 
nucleosomes, may have dynamic structures that can be 
readily adapted by their partners to create composite sur-
faces with altered DNA affinity or specificity to interact 
with biologically unique DNA structures generated dur-
ing DNA metabolism.

While our manuscript was under revision, Zhao et 
al. [31] reported crystal structures of MHF-DNA com-
plexes, and proposed a model that MHF prefers branched 
DNA over dsDNA. In contrast, we find that MHF prefers 
normal dsDNA both in this study and in an earlier pub-
lication [14]. This discrepancy might be due to differ-
ent experimental conditions such as salt concentrations. 
Zhao et al. [31] used 150 mM KCl, whereas we used 
either phosphate saline [14] or 60 mM KCl (this study). 
Consistent with this notion, a previous study by several 
Zhao’s colleagues [19] showed that the DNA preference 
of MHF appears to be affected by salt and protein con-
centrations. HJ DNA is preferred at 150 mM KCl; but 
at 100 mM KCl, the preference appears to change from 
HJ DNA to dsDNA when MHF protein concentration 
was increased [19]. Regardless of the discrepancy on 
MHF alone, Zhao et al. [31] showed that MID strongly 
stimulates binding of MHF to branched DNA, which is 
consistent with our finding that MID can remodel MHF 
structure to favor branched DNA. 

Materials and Methods

Construct design, expression and purification
A bicistronic vector for co-expression of GST-tagged full-

length human MHF1 (1-138 aa) and 6× HIS-tagged full-length 
human MHF2 (1-81 aa) in E. coli was generated by cloning 
MHF1 cDNA into the BamHI/XhoI sites and MHF2 cDNA into 
NdeI/NotI sites of pGEX-BICIS-HIS [32]. For crystallization, 
MHF1 was truncated at residue R110. Human FANCM-MID 
(653-800) was cloned into pMBP-Parallel-1 based on pMal-C2 
donating an N-terminal 6× HIS-MBP fusion tag. This construct 
was subsequently N-terminally truncated to FANCM-MID 669-
800 for crystallization. Mutations and truncations were introduced 
into the above constructs by site-directed mutagenesis. MHF 
or MID-MHF constructs were transformed into BL21 (DE3) E. 
coli cells and grown at 30 °C until the OD600 reading reached 0.6. 

Protein expression was induced with 1 mM IPTG and cells were 
grown for 3 h prior to harvesting. MHF and MID-MHF-expressing 
cells were lysed in 50 mM sodium phosphate buffer, pH 8.0, 
containing 300 mM NaCl, 10% glycerol and lysozyme, protease 
inhibitors, MgCl2, DNase and RNase. MHF alone was purified by 
Ni-Agarose and GST-Sepharose IMAC, and eluted with gradients 
of imidazole and glutathione sepharose, respectively. Both the 
6× HIS- and GST-fusion tags were removed by incubation with 
thrombin overnight at 30 °C. MID-MHF was purified first by 
amylose resin and eluted with a maltose gradient, followed by 
MHF pruification as described above. The MBP-fusion tag was 
removed by incubation with TEV overnight at 4 °C. All samples 
were purified by size exclusion chromatography (Superdex 200 
HR). Crystallization samples were prepared in 25 mM Tris, pH 7.5, 
100 mM NaCl at 20-40 mg/ml. 

Circular dichroism
Circular dichroism spectra were collected on a JASCO J-415 

Spectrometer at the Biochemistry Core Facility, National Heart 
Lung and Blood Institute, National Institutes of Health. Spectra 
were collected at 222 nm between 5-90 °C every 0.5 °C. % 
Denatured was calculated as [(θ(5 °C)-θ(X °C))/(θ(5 °C)-θ(90 
°C))]. 

Crystallization, data collection and refinement of MHF and 
MID-MHF complexes

Crystals of MHF (MHF1 1-110 and MHF2) and MID-MHF 
complexes were grown by sitting drop vapor diffusion at 295 K. 
Crystals, long- and thin-rod clusters, were initially grown in the 
sparse screen Wizard I (Emerald Bio) condition #28 containing 
0.1 M Hepes, pH 7.5, 0.2 M NaCl, and 20% w/v PEG 3000. These 
crystals were optimized through generation of a seed stock from 
the original crystals that was used to seed into additional sparse 
matrix screens. The final conditions included 0.1 M Tris-HCl, pH 
7.8, 0.2 M LiCl, 0.1 M Na2SO4 and 17.5% w/v PEG 3350. Crys-
tals were cryoprotected in 10% glycerol and flash-frozen in liquid 
nitrogen. All datasets were collected at the advanced proton source 
(APS) beamline 23-ID-B equipped with a MAR 300 CCD detec-
tor. Diffraction data were reduced and scaled with XDS/XSCALE 
[33-35]. The MHF structure was solved by molecular replacement 
using PDB ID: 1TAF and the MID-MHF structure was solved 
with the  previously solved MHF structure. All structures were 
refined using iterative cycles of TLS and restrained refinement 
with REFMAC5 [36], part of the CCP4 program suite [37], and 
model building was performed using the Crystallographic Object-
Oriented Toolkit (Coot) [38]. All structures were validated using 
Molprobity [39] prior to deposition in the Protein Data Bank [40, 
41]. Diffraction data and refinement statistics are listed for each 
structure (Supplementary information, Table S1).

Zinc analysis by the atomic absorption spectrometry
MHF and MID-MHF complexes were dialyzed against 12.5 

mM Tris-HCl, pH 7.5, 50 mM NaCl. The dialyzed buffer was 
used to determine the background of ‘‘Zn’’. All proteins were di-
luted with 1% nitric acid as ‘‘1/50’’ and ‘‘1/10’’. Diluted protein 
solutions were boiled for 10 min to extract ‘‘Zn’’ and centrifuged 
to remove any precipitants. The supernatant of each sample was 
transferred to a fresh tube and ‘‘Zn’’ concentration was measured 
by a Perkin Elmer model 4100ZL atomic absorption spectrometer. 
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All measurements were done as triplicate for each sample and re-
sults were averaged of triplicate analyses.

Cell lines and antibodies
HEK293 cells, HeLa cells, MHF−/− DT40 cells, FANCM−/− 

DT40 cells and the antibodies against MHF1, MHF2, FANCM, 
FANCD2, FANCA, FAAP24, BLM, Actin and BAF57 have been 
previously described [14]. MHF2(CENP-X)−/− DT40 cells has been 
previously described [25]. CENP-T conditional knockout DT40 
cells and anti-chicken CENP-S [25], CENP-T [23], and Ndc80 [42] 
antibodies have been previously described. Anti-Flag and anti-Flag 
M2 agarose beads were purchased from Sigma. Anti-CENP-K an-
tibody was purchased from Abcam. Anti-human CENP-T antibody 
was purchased from Bethyl Laboratories, Inc. 

Cell extraction, fractionation, gel filtration, immunoprecipitation 
and protein identification

Preparation of whole-cell extract, cell fractionation, Superose 6 
gel filtration and immunoprecipitation were performed as described 
[14], except using both microcococcal nuclease and DNase I (2 U/
µl) to treat the nuclear pellets. The eluted immunoprecipitates were 
subjected to mass spectrometry analyses for protein identification.

Plasmid construction, transfection and immunoblotting
pcDNA-Flag-MID was constructed by cloning a cDNA 

fragment of human FANCM (661-800 aa) with a Flag tag at its 
N-terminus into the NheI and BamHI sites of pcDNA3.1. Various 
pcDNA-Flag-MID point mutants were generated by using the 
QuikChange kit (Stratagene). These constructed plasmids were 
transiently expressed in HEK293 cells, respectively. Cell extraction 
and immunoprecipitation with anti-Flag M2 agarose beads were 
performed as described [14]. The presence of various versions of 
MID, MHF1 and MHF2 was detected by immunoblotting.

Complementation, SCE and FANCD2 analyses
To perform complementation analysis, pcDNA3.1-Zeocin 

expression plasmid carrying wild type or mutants of chicken 
FANCM, Flag-tagged human MHF1 or Flag-tagged human MHF2 
was transfected into FANCM−/− DT40 cells, MHF1−/− DT40 cells 
or MHF2−/− DT40 cells. In total, 0.5 mg/ml Zeocin was used for 
selection. Western blotting was performed to select the clones that 
stably express protein. The measurement of SCE and FANCD2 
levels in various DT40 cells were performed as described [14].

Electrophoretic mobility shift assay (EMSA)
The indicated amounts of proteins were incubated with 1 nM 

of digoxigenin-labeled DNA substrates in 25 mM Tris-HCl, pH 
7.5, 60 mM KCl, 5% glycerol, 2 mM MgCl2 for 15 min at room 
temperature. The reactions were loaded on 4%-12% TBE gel 
(Invitrogen) and run in 0.5× TBE at 4 °C. Labeled DNA products 
were visualized by using DIG Wash and Block Buffer Set (Roche). 
The dsDNA substrate was generated by annealing oligo 1 and its 
complement (oligo 5). The HJ DNA substrate was generated by 
combining oligo 1, oligo 2, oligo 3 and oligo 4, as described [32]. 
Oligo 1 was labeled with digoxigenin at its 3′-end. The sequence 
of each oligo is listed below: Oligo 1: 5′-GTGACCGTCTC-
CGGGAGCTGGAAACGCGCGAGACGAAAGG-3′; Oligo 2: 
5′-CCTTTCGTCTCGCGCGTTTCGCCAGCCCCGACACCC-
GCCA-3′; Oligo 3: 5′-TGGCGGGTGTCGGGGCTGGCCGC-

CGGGCAAGAGCAACTCG-3′; Oligo 4: 5′-CGAGTTGCTCTT-
GCCCGGCGCAGCTCCCGGAGACGGTCAC-3′; Oligo 5: 
5′-CCTTTCGTCTCGCGCGTTTCCAGCTCCCGGAGACGGT-
CAC-3′.

Immunofluorescence analysis
DT40 cells were collected onto slides with a cytocentrifuge 

and fixed in 3% paraformaldehyde or cold methanol in phosphate-
buffered saline (PBS) for 15 min and permeabilized in 0.5% NP-
40 in PBS for 10 min at room temperature or 100% methanol 
for 15 min at −20 °C, rinsed three times in 0.5% BSA in PBS, 
and incubated for 1 h at 37 °C with primary antibody. Binding 
of primary antibody was then detected with FITC-conjugated 
goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, 
PA, USA) diluted to an appropriate concentration in 0.5% 
BSA in PBS. Affinity-purified rabbit polyclonal antibodies 
were used against recombinant chicken CENP-S, CENP-T and 
Ndc80. All subsequent analysis and processing of images were 
performed using Metamorph software (Molecular Devices, 
Japan). Kinetochore fluorescence intensities were determined by 
measuring the integrated fluorescence intensity within a 4 × 4 pixel 
square positioned over a single kinetochore and subtracting the 
background intensity of a 4 × 4 pixel square positioned in a region 
of cytoplasm lacking kinetochores. Maximal projected images 
were used for these measurements.

Accession numbers
The crystal structural data for MHF and MID-MHF have been 

deposited at the Protein Data Bank (PDB ID: 4E44 and 4E45).
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